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Gibberellins Signal Nuclear Import of PHOR1,
a Photoperiod-Responsive Protein
with Homology to Drosophila armadillo
duction cascade in cereal aleurone cells (reviewed by
Lovegrove and Hooley, 2000). Screening for mutants
with an altered response to GAs has also led to identifi-
cation of several components of the GA signal transduc-
tion pathway, including SPY (SPINDLY), GAI (GA-insen-
Virginia Amador,1,4 Elena Monte,1,4,5
Jose´-Luis Garcı´a-Martı´nez,2 and Salome´ Prat1,3
1 Departament de Gene`tica Molecular
Institut de Biologia Molecular de Barcelona—CSIC
Jordi Girona, 18-26
sitive), and RGA (repressor of ga1-3) (reviewed by08034 Barcelona
Bethke and Jones, 1998; Thornton et al., 1999; Sun,Spain
2000). GAI and RGA encode negative regulator proteins2 Instituto de Biologı´a Molecular y Celular de Plantas
that belong to the plant-specific GRAS family of tran-Universidad Polite´cnica de Valencia—CSIC
scription factors (Peng et al., 1997; Silverstone et al.,Camino de Vera s/n
1998; Pysh et al., 1999). Stability, activity, or localization46022 Valencia
of these proteins to their sites of action appears to beSpain
regulated by the DELLA motif near the N terminus of
the protein. This motif is not present in other members
of the GRAS family and is deleted by 17 amino acids inSummary
the gai-1 mutant (Peng et al., 1997). The SPY gene was
found to encode a GA-response negative regulator withS. tuberosum ssp. andigena potato plants require
strong similarity to animal O-linked N-acetylglucos-short days (SD) for tuberization. We have isolated
amine transferases (Jacobsen et al., 1996). This activityPHOR1 (photoperiod-responsive 1), which shows
has been proposed to negatively regulate GA signal-upregulated expression in induced leaves (SD). PHOR1
ing, through posttranslational O-linked N-acetylglucos-encodes an arm repeat protein with homology to the
amine modification of one or more components of the
Drosophila segment polarity protein armadillo. Anti-
GA signaling cascade (Thornton et al., 1999).
sense inhibition of PHOR1 produces a semidwarf phe-
Another well-documented developmental process
notype similar to that of GA-deficient plants, and the
controlled by GAs is potato tuberization (Ewing, 1995).
antisense lines show reduced GA responsiveness
Tuberization is in general promoted by short photoperi-
combined with a higher endogenous GA content than ods, with short days (SD) being an absolute requirement
wild-type plants. Feedback regulation of GA biosyn- for tuber formation in some wild species of potato, like
thetic genes is also altered in these lines. Conversely, Solanum demissum or some lines of S. tuberosum ssp.
transgenic lines overexpressing PHOR1 show an en- andigena. These species tuberize only in SD conditions,
hanced response to GA. GA application induces rapid and do not produce tubers when grown in long days
migration of PHOR1-GFP protein to the nucleus. Thus, (LD) or SD supplemented with a night break (SDNB;
PHOR1 appears to be a general component of GA Ewing and Struik, 1992). Treatment with the GA-biosyn-
signaling pathways that relocalizes to the nucleus in thesis inhibitors ancymidol or paclobutrazol promotes
the presence of GA. tuberization of these plants under noninductive LD con-
ditions (Jackson and Prat, 1996). Antisense inhibition of
Introduction the GA 20-oxidase StGA20ox1 gene in potato andigena
plants, on the other hand, was shown to result in early
tuberization under SD conditions, thus establishing aGibberellins (GAs) modulate many responses during
correlation between decreased GA activity and tuberplant growth and development, including seed germina-
induction in these species (Carrera et al., 2000).tion, leaf expansion, stem elongation, flower initiation,
There are also data suggesting that the regulatoryand seed and fruit development (Hooley, 1994; Swain
mechanisms involved in photoperiodic control of tuberi-and Olszewski, 1996). Genes encoding most of the GA
zation are more complicated than a simple downregula-biosynthetic enzymes have been cloned from different
tion of GA levels under inductive conditions. The potatoplant species and regulated expression of these genes
GA-deficient mutant ga1, for example, is able to formanalyzed at the molecular level (reviewed in Lange, 1998;
tubers under LD conditions but requires several monthsHedden and Proebsting, 1999; Hedden and Phillips,
under these conditions before tuber formation is ob-2000).
served (van den Berg et al., 1995). Antisense inhibitionIn contrast to the good understanding of the biosyn-
of phytochrome B (PHYB) in potato andigena plants, onthetic pathway, the molecular mechanisms by which
the other hand, results in loss of photoperiodic controlplants respond to GAs are still largely unknown. G pro-
of tuberization, with the antisense PHYB mutants tu-teins, Ca2, calmodulin, cGMP, and protein kinases have
berizing equally well under SD, LD, or SDNB conditionsbeen identified as components of the GA signal trans-
(Jackson et al., 1996). These mutants have, however,
paler leaves and an elongated phenotype, which are
3 Correspondence: spmgms@cid.csic.es traits characteristic of an increased GA content (Jack-
4 These two authors made equal contributions to the work.
son and Prat, 1996).5 Present address: Department of Plant and Microbial Biology, Uni-
In this work, we have used RT-PCR differential displayversity of California, Berkeley, California 94720, and Plant Gene
to examine gene expression in the leaves of potato andi-Expression Center, USDA-ARS, 800 Buchanan Street, Albany, Cali-
fornia 94710. gena plants grown under inductive (SD) or noninductive
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Figure 1. PHOR1 mRNA and Southern Anal-
ysis
(A) Upregulated expression of the PHOR1
transcript in leaves of tuberizing plants. Total
RNA (30 g) of induced (SD) and noninduced
(SDNB) potato leaves was hybridized to the
C88 fragment.
(B) PHOR1 is encoded by a low copy number
gene family. Genomic DNA (10 g) from S.
demissum or S. tuberosum ssp. andigena
was digested with EcoRI (E) or HindIII (H) and
hybridized with the PHOR1 cDNA insert.
(C) Tissue-specific expression of PHOR1
mRNA and diurnal changes in transcript lev-
els. Total RNA was isolated from the different
organs of S. demissum potato plants induced
(i) and noninduced (ni) for tuberization and 30
g was loaded per lane. In (a) samples were
harvested 1 hr after the lights were on,
whereas in (b) they were harvested 1.5 hr be-
fore the lights were off. Blots were probed
with the PHOR1 insert.
(D) Diurnal variation of PHOR1 mRNA in
leaves of induced (SD) and noninduced
(SDNB) potato plants. Plants were grown
for 1 month in LD and entrained for 15 days
to SD or SDNB conditions and leaf samples
taken at intervals of approximately 3 hr as
indicated. Relative levels of PHOR1 mRNA
were determined by densitometric scan.
(SDNB) conditions. We describe the cloning and char- (accession number for this sequence is AJ306423). A
stop codon is found 3 triplets upstream of the first ATG,acterization of PHOR1, a cDNA that encodes a novel
which indicates that the PHOR1 cDNA corresponds toarmadillo repeat-containing protein. Transgenic anti-
a full-length copy of the mRNA. PHOR1 encodes a 418-sense plants with reduced levels of PHOR1 show a phe-
amino acid protein with a molecular mass of 46 kDa.notype characteristic of plants with an altered response
Southern blots of HindIII or EcoRI digested potatoto gibberellins. These lines exhibit reduced stem length,
genomic DNA hybridized with the PHOR1 insert revealedand in SD tuberize earlier than controls, showing a re-
a low complexity pattern of hybridization (see Figureduced responsiveness to applied GAs. Subcellular local-
1B). This is indicative of a low copy number gene familyization analysis using a translational fusion of PHOR1
consisting of 2 to 3 genes in S. demissum and S. tubero-to GFP showed a translocation of the protein to the
sum ssp. andigena (an EcoRI site is present in thenucleus in a process that is enhanced by treatment with
PHOR1 insert).exogenous GAs and blocked by treatment with the GA-
biosynthesis inhibitor ancymidol. These results are con-
PHOR1 Is Expressed in Leaves, Stem, Stolons,sistent with a role of PHOR1 in GA signal transduction.
Roots and Flowers
RNA blot analyses showed that PHOR1 is expressed in
Results
all tissues we have studied. In nontuberizing plants, lev-
els of transcript are relatively low in leaves and stems,
PHOR1 Expression Is Upregulated in SD moderate in stolons, and higher in roots (Figure 1C).
Induced Leaves Low levels of transcripts are also detected in tubers and
We have used RT-PCR differential display to compare mature fruit (data not shown). Levels of PHOR1 mRNA
the patterns of expression of the leaves from S. demis- were greater in all organs of tuberizing plants, with ex-
sum plants grown under SD (inductive) or SDNB (non- ception of the roots (Figure 1C). Levels of expression
inductive) conditions. RT-PCR reactions using different in leaves, stem, and to a lesser degree stolons, were
primer combinations yielded various cDNA fragments affected by the time of day in which the samples were
which were more abundant in RNA displays from the harvested (Figure 1C). Relatively high levels of PHOR1
SD leaves. One of these cDNAs (C88) was amplified with mRNA were detected in the leaves within the first hour
primers TTGC (5-(T)12GC-3) and LDD10 (5-GCCAT of the day, but only background levels were detected
TATGC-3) and hybridized to a transcript of 1.5 kb that in samples harvested at the end of the light period. This
is expressed more abundantly in leaves from SD plants result indicates that PHOR1 expression in these organs
(Figure 1A). is strongly dependent on light.
Screening a cDNA library from S. demissum plants
with the C88 probe yielded clone PHOR1 (for photope- Levels of PHOR1 Expression in Leaves
riod-responsive 1) with an insert of 1492 bp. This se- Are Diurnally Regulated
quence includes an open reading frame of 1260 bp, a To determine whether changes in leaf mRNA abundance
follow a diurnal rhythm, we have analyzed PHOR1 leafnoncoding 3-sequence of 220 bp and a poly(A) tail
PHOR1 Function in GA Signaling
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Figure 2. PHOR1 Encodes an Arm Repeat Protein with Homology to the Segment Polarity Protein armadillo from Drosophila
(A) Schematic diagrams of armadillo/-catenin and PHOR1. The arm repeat domains of both proteins are shown as numbered boxes. Arm
repeats in PHOR1 share highest homology with repeats 2 to 8 from -catenin. The conserved N-terminal CPI domain is also represented.
Numbers indicate the amino acid sequence positions of the conserved domains.
(B) Sequence alignments of the armadillo repeats of PHOR1 and -catenin. The residue numbers that comprise each repeat are shown on
the left. Positions of helices H1, H2, and H3 are indicated. Conserved hydrophobic and polar residues are highlighted in blue and green,
respectively.
(C) Stereo view of PHOR1 repeat 6 showing highly conserved hydrophobic residues involved in packing interaction of helix 2 and helix 3. The
stereo model was generated using the MOLSCRIPT program (Kraulis, 1991). Substitution of residues in -catenin repeat 7, by the residues
present in the homologous repeat of PHOR1 (repeat 6), preserves helix 2-helix 3 interactions.
expression in plants entrained to SD and SDNB photo- madillo and its vertebrate homolog -catenin (Peifer and
Wieschaus, 1990). A sequence match was also detectedperiod conditions. Consistent with the aforementioned
results, we observed a peak of PHOR1 mRNA accumula- with the tandem arm repeats in the central domain of
the receptor proteins -karyopherins or -importins in-tion immediately after the transition to light, in both SD
and SDNB plants (see Figure 1D). In plants grown volved in nuclear import of NLS cargo proteins (Go¨rlich
et al., 1994). The arm repeat domains in these proteinsunder SD, a second peak of expression was also ob-
served after dusk (Figure 1D). This second peak of ex- consist of 8–12 tandemly repeated copies of a 38–45
residue motif known as the armadillo (arm) motif (Huberpression was not detected in plants entrained to SDNB
conditions, in which we only detected the dawn peak et al., 1997).
An alignment of the arm repeats in PHOR1 with -cat-of mRNA accumulation and a slight upregulation after
NB. PHOR1 mRNA expression thus oscillates with a enin repeats 2 to 8 is shown in Figure 2. Significant
variability in sequence is observed among individualdiurnal rhythm characterized by different peaks of ex-
pression in SD or SDNB conditions. motifs (the average match for pairwise comparisons is
30%), but the chemical nature of the residues within
each motif is generally conserved (see Figure 2B). Sec-PHOR1 Encodes a Protein with Similarity to the
Drosophila armadillo Segment Polarity Protein ondary structure studies, in which the -catenin resi-
dues in repeat 6 were replaced by the correspondingDatabase searches with the PHOR1 deduced amino
acid sequence revealed that the C-terminal region of residues in PHOR1 repeat 5, showed that interactions
between helix 2 and helix 3 in the repeat are not dis-the protein shares 30% identity with the arm repeat
domains of the Drosophila segment polarity protein ar- turbed by these substitutions (see Figure 2C). This sug-
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Figure 3. The CPI and Arm Repeat Domains Are Conserved in a Large Family of Plant Proteins
(A) Schematic diagram of plant PHOR1 relatives. Arabidopsis encodes several putative proteins of unknown function with conserved CPI and
arm repeat domains. The highly conserved CPI and arm repeat regions in these proteins are shown shaded.
(B) Sequence alignment of the CPI domain with the conserved C-terminal U box (UFD2-homology domain) region of UFD2. Identical residues
are indicated by dark gray boxes and conserved residues by light gray boxes. The numbers on the left indicate the position of this conserved
region within the original protein. The accession numbers for these sequences are: human HSP70-interacting protein CHIP, NM005861; S.
cerevisiae UFD-2, U22154; and D. discoideum NOSA, AF044255.
gests that both proteins fold into highly similar second- et al., 1999), the D. discoideum NOSA protein (Pukatzki
et al., 1998) and the C-terminal region of the humanary structures.
Database searches also revealed several Arabidopsis HSP70-interacting protein CHIP (Ballinger et al., 1999),
these latter proteins being components of the ubiquiti-genomic and EST sequences sharing between 26% and
45% similarity with PHOR1. A 27% identity was ob- nation system.
served with the Brassica protein ARC1 (Arm Repeat
Containing), isolated in a yeast two-hybrid screening for Inhibition of PHOR1 Expression Results In Earlier
Tuberization and Increased Tuber Yieldproteins that interact with the kinase domain of an S
locus receptor kinase (Gu et al., 1998). All these protein Transgenic plants were produced with reduced levels
of expression of the PHOR1 transcript. Downregulatedhomologs share an arm repeat domain as well as a
second conserved region of about 70 residues located expression of the PHOR1 mRNA in the transgenic lines
was confirmed by RT-PCR, using primers that annealedupstream to the arm repeat sequence (Figure 3A). We
have designated this conserved domain as the CPI do- within the PHOR1 coding region (see Experimental Pro-
cedures). A PHOR1 DNA fragment with a deletion be-main, because it includes a conserved Cys-Pro-Ile motif.
Within this domain, sequence identity among these pro- tween the SacI and SacII restriction sites was prepared
as an internal control for amplification. Reduced levelstein homologs is approximately 50%. As shown in Figure
3B, database searches revealed a partial sequence of PHOR1 mRNA were detected in lines 8A-3, 8A-4,
and 8A-29 (Figure 4A). A reduced accumulation of thematch of this domain with the yeast UFD2 protein (Koegl
PHOR1 Function in GA Signaling
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Figure 4. RT-PCR and Western Analysis of the PHOR1 Antisense Lines and Phenotype Associated with these Plants
(A) RT-PCR amplification of the PHOR1 transcript. 100 ng poly(A) RNA was used for quantitative amplification with rTth DNA polymerase. A
dilution of the internal PHOR1 SacI-SacII deletion was added as internal control for amplification.
(B) PHOR1 protein gel blot analysis of the antisense lines. Fifty g of total protein extracts from plants grown under SD or SDNB conditions
was immunodetected with an antibody raised against the N-terminal half of the protein (1:2000 dilution).
(C) Phenotype of the PHOR1 antisense lines. Lines with reduced levels of accumulation of PHOR1 (8A-3 and 8A-4) have a semidwarf phenotype.
(D) Antisense inhibition of PHOR1 induces early tuberization in SD. Data were obtained from eight independent replicates from each individual
transformant.
(E) Effect of PHOR1 antisense inhibition on the tuber yield. Yield in tubers was higher in the antisense lines (7–10 tubers/plant) as compared
to the controls (3–4 tubers/plant). Tubers were harvested after 40 days in SD conditions.
PHOR1 protein was also confirmed by Western blot us- antisense lines had formed tubers 15 days after being
transferred to SD, whereas a minimum of 21 days undering an antibody raised against the N-terminal domain
of the protein. Lower levels of the PHOR1 polypeptide SD was required for the controls to tuberize (Figure 4D).
Tuber yield was also greater in the antisense lines (Fig-were detected in the leaves from wild-type plants grown
under SDNB (noninductive conditions) than in plants ure 4E).
grown under SD (inductive conditions, Figure 4B). Anti-
sense inhibition results in a considerable reduction in PHOR1 Is a GA Signaling Component
The phenotype of the PHOR1 antisense lines resemblesthe levels of protein, although a difference in protein
accumulation between inductive and noninductive con- that of transgenic plants downregulated for StGA20ox1
GA 20-oxidase gene expression (Carrera et al., 2000),ditions is still observed (compare tracks corresponding
the leaf extracts from the 8A-3 and 8A-4 lines grown with the phenotype of these plants rescued by exoge-
nous application of GAs. To determine the effect of GAunder SD or SDNB conditions). Lines 8A-10 and 8A-
11 produced wild-type levels of transcript and were se- application on the semidwarf phenotype of the PHOR1
transgenic lines, wild-type and antisense PHOR1 plantslected as controls.
Transgenic lines with reduced levels of PHOR1 mRNA were sprayed with increasing concentrations of GA3 and
the length of the four first internodes measured twoexhibited reduced stem lengths compared to wild-type
plants (Figure 4C). Stem height reduction in these lines weeks after treatment. An elongation response could
be observed in wild-type plants treated with as little aswas caused by a decrease in internode length, which
was more evident in the youngest internodes (see Figure 106 M GA3 (Figure 5A). However, hormone concentra-
tions of 105 M or greater were needed in the antisense4C). Under SD conditions, these plants tuberized earlier
than controls. More than 50% of the replicates of the lines to induce a measurable growth of the internodes.
Cell
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Figure 5. GA3 Dose-Response Curves of the PHOR1 Antisense and Overexpresser Lines and Endogenous GA Content of the Antisense
Transformants.
(A) GA3 dose-response curve. Plants were grown in LD until a 6-leaf stage and sprayed with different concentrations of GA3. Values represent
the average length of the first four internodes of four replicates. (cont) corresponds to plants sprayed with water.
(B) GA content of the antisense lines. Plants were grown in the greenhouse until they reached a 5-leaf stage. Gibberellins were extracted
from the first 4 apical nodes and quantified by GC-MS
(C) Response of the overexpresser lines to GA3 and paclobutrazol. Plants were grown in LD until a 6-leaf stage and sprayed with GA3 solutions
of the indicated concentrations as before. Values represent the average of three replicates for each treatment. (cont) correspond to plants
sprayed with water. Antisense line 8A-3 is included for comparison.
(D) Levels of expression of the PHOR1 mRNA in the overexpresser lines. 30 g of total RNA was loaded per line. The blot was probed with
the PHOR1 insert and exposed for 2 hr (no signal is detected in wild-type plants with this short time of exposure).
This result demonstrates that the PHOR1 lines are less GA synthesis inhibitor paclobutrazol, as application of
a 107 M solution of the inhibitor did not have an effectsensitive to exogenous GA applications than wild-type
plants, suggesting that these plants might be altered in on internode elongation on the overexpresser lines, but
resulted in a reduction in stem growth in the wild-typetheir response to GAs.
Quantitative analysis of endogenous GAs showed in- controls and the antisense transformants (Figure 5C).
Internode growth inhibition was more severe in the anti-creased levels of GA29, GA20, and GA8 in the antisense
lines, with a 4- to 6-fold increase in GA20 detected in sense lines than in the controls, thus evidencing a higher
sensitivity to paclobutrazol in these plants. These resultsthese plants (see Figure 5B).
To further investigate the possible function of PHOR1 demonstrate a good correlation between levels of accu-
mulation of the PHOR1 protein and response to GAs,in GA signaling, we obtained transgenic lines that over-
expressed this cDNA under control of the 2x35S CaMV corroborating a possible function of PHOR1 in GA sig-
naling.promoter. Several transgenic lines were generated
which accumulated high levels of the PHOR1 transcript
(lines 8S, Figure 5D). These lines had longer internodes Feedback Regulation of GA Biosynthesis
Is Altered in the PHOR1 Transformantsthan the controls and exhibited an increased response
to limiting amounts of applied GAs. As shown in Figure Genes encoding the three last steps of the GA biosyn-
thetic pathway are sensitive to feedback regulation by5C, concentrations of 107 M and 106 M GA3, which had
been demonstrated to be about the threshold for GA bioactive GAs (Thomas et al., 1999; Hedden and Phillips,
2000). This homeostatic regulation depends on a func-response in the controls, were able to induce a clear
elongation of the internodes in the overexpresser lines. tional GA response and is disturbed in GA-insensitive
mutants like the Arabidopsis gai mutant (Peng et al.,These plants exhibited also greater resistance to the
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tion of PHOR1 as an intermediate in the GA signaling
cascade, the antisense plants being impaired in multiple
responses regulated by GAs.
In support of a general role of PHOR1 in GA signaling,
the antisense lines showed reduced levels of expression
of the GA-regulated genes GAST1 and LVA-P1, the latter
encoding the 16 kDa hydrophobic subunit of vacuolar
H-ATPase (Figure 6B). The antisense mutants show
also several phenotypic traits that are characteristic of
a reduced response to GAs. They are smaller than con-
trols, with shorter internodes and darker green leaves
(see Figures 2 and 6C). Leaves of these plants have
shorter petioles and broader leaflets (Figure 6C), like the
leaves of plants with reduced levels of expression of
the GA 20-oxidase enzyme (A-1 line in Figures 6C and
6D; Carrera et al., 2000). The length/width ratio of the
leaves is smaller than in the controls, as seen for the
GA 20-oxidase antisense plants (compare lines 8A-3
and 8A-4 with A-1 in Figure 6D). A greater length/width
leaflet ratio was observed in line SC-11 overexpressing
the GA 20-oxidase activity, which confirms that GAs are
involved in the control of this trait.
GA Induces Migration of the PHOR1 Protein
Into the Nucleus
To study subcellular localization of PHOR1, we fused
the GFP coding region to the C-terminal end of the
PHOR1 protein in a plasmid that drives expression of
the protein fusion under control of the 2x35S CaMV
promoter (see Experimental Procedures). Representa-
tive fluorescence micrographs of tobacco BY2 cells
transiently transformed with this construct are shown
in Figure 7. A cytoplasmic localization of the PHOR1-
GFP fusion was detected in about 40% of the trans-
Figure 6. Feedback Regulation of the GA-Biosynthetic Genes, GA- formed cells, with a nuclear localization observed in the
Regulated Gene Expression and Leaf Morphology of the Antisense rest. This differential cytoplasmic/nuclear localization
Lines of GFP fluorescence might be indicative of a transient
(A) Feedback regulation of the GA 20-oxidase and GA 2-oxidase nuclear import of the protein in response to an exoge-
enzymes is altered in the PHOR1 antisense lines. Total RNA (30 g) nous signal. To address this question, we investigated
was extracted from leaves of wild-type and the 8A-3 and 8A-4 lines
whether GAs would affect nuclear sorting of the PHOR1-and probed with the StGA20ox1 and StGA2ox cDNAs. A greater
GFP fusion. As shown in Figure 7A, PHOR1-GFP fluores-difference in the levels of these transcripts was detected in samples
harvested within the dark period (3 hr in the night). cence was primarily detected in the nuclei in more than
(B) Levels of expression of the GAST1 and LVA-P1 transcripts in 90% of the cells treated with GA3. In contrast, in cells
the antisense lines. Total RNA (30 g) was probed with the GAST1 pretreated with the inhibitor of GA biosynthesis ancymi-
and LVA-P1 coding regions. dol, a cytoplasmic localization of PHOR1-GFP was ob-
(C) Leaf phenotype of the antisense lines. Lines 8A-3 and 8A-4 have
served in 90% of the cells. No changes in subcellulardarker leaves, with shorter petioles and broader leaflets like the
distribution were detected in control cells transformedplants with reduced levels of expression of the GA 20-oxidase
gene (A-1). with GFP or a GFP-GUS fusion (Figure 7A).
(D) Length/width ratio of the PHOR1 antisense leaves is smaller than To determine which domains of PHOR1 mediate nu-
in the controls. Changes in the length/with ratio of leaflets are also clear localization, two deletion constructs of the protein
observed in the GA 20-oxidase overexpresser (SC11) and antisense were tested. In one construct, we removed residues 173
(A-1) lines.
to 395, encompassing the arm repeat domain, whereas
in the second construct, the CPI domain (residues 17
to 89) was deleted. Deletion of the CPI domain resulted1997). We have investigated whether GA homeostasis
is also altered in the PHOR1 antisense lines, by analyzing in a nuclear localization of the arm-GFP fusion both
in ancymidol and GA3-treated cells. In contrast, a GA-accumulation of the GA 20-oxidase and GA 2-oxidase
transcripts. As shown in Figure 6A, levels of StGA20ox1 regulated nuclear distribution was retained by the CPI-
GFP fusion (see Figure 7A). Because the CPI domain inmRNA were higher in lines 8A-3 and 8A-4, whereas levels
of StGA2ox mRNA were reduced in these plants. Deter- the CPI-GFP construct consists only of 196 residues, it
is possible that nuclear migration of the CPI-GFP fusionmination of GA levels showed that GA content is in-
creased in these lines, which demonstrates that they occurs by passive diffusion. To investigate this possibil-
ity, we fused this domain to a GFP-GUS reporter con-are altered in feedback regulation of the GA biosynthetic
genes. These results are consistent with a general func- struct. CPI-GFPGUS fluorescence was detected in the
Cell
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Figure 7. Subcellular Localization of the
PHOR1-GFP Fusion and the PHOR1 Deletion
Constructs
(A) GA3-induced nuclear import of the
PHOR1-GFP fusion protein and subcellular
localization of the PHOR1 deletion con-
structs. (GA3) corresponds to cells incubated
in NT mediaGA3; (ancym) to cells incubated
in NT media  ancymidol (see Experimental
Procedures). Cells were preincubated for 2
hr and kept in these media until GFP fluores-
cence detection. GFP fluorescence was ana-
lyzed 6 to 8 hr after bombardment. Cells bom-
barded with GFP (nuclear localization) or
GFP-GUS (cytoplasmic localization) were
used as controls.
(B) Transient migration of the PHOR1-GFP
fusion into the nucleus. Stably transformed
BY2 cells were incubated with GA3 or ancymi-
dol as before and GFP fluorescence observed
under a confocal microscope. Nuclear local-
ization of the fusion protein was detected 3–4
hr after GA3 treatment.
(C) Western blot analysis of the PHOR1-GFP
fusion. Protein extracts were prepared from
the transformed BY2 cells and immunode-
tected with an anti-GFP antibody. A 72 kDa
band that corresponds to the PHOR1-GFP
fusion is detected in all extracts.
(D) BY2 cell response to GA treatment. RNA
was extracted from the cells after GA3 or an-
cymidol treatment and hybridized to a to-
bacco GA 2-oxidase cDNA probe.
cytoplasm, both in ancymidol and GA3 treatments (Fig- (data not shown). GA3 treatment induced a rapid migra-
tion of the fusion protein into the nucleus, with maximalure 7A), indicating that a signal responsible for nuclear
localization of the PHOR1 protein is not present in the import detected at 4 hr after GA3 treatment. Confocal
microscopy was used to confirm nuclear localization ofCPI domain. These results are consistent with a putative
function for the armadillo repeat in targeting the PHOR1 the protein (Figure 7B). Subsequent analysis of GFP
fluorescence at later time points demonstrated that mi-protein to the nucleus, whereas CPI would mediate cyto-
plasmic retention of the protein in a GA-dependent gration of PHOR1-GFP into the nucleus was transitory,
with the fluorescence detected again in the cytoplasmmanner.
To investigate the kinetics of nuclear migration, BY2 12 to 24 hr after GA3 application.
Immunoblot analysis verified that the fusion proteinsuspension cultures were stably transformed with the
PHOR1-GFP construct. Stably transformed cells showed was intact after these different treatments (see Figure
7C). We also confirmed the response of the tobaccoa nuclear and cytoplasmic distribution of the fusion pro-
tein identical to that previously seen in transient assays BY2 cells to GAs, by analyzing feedforward regulated
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expression of the GA 2-oxidase gene. RNA blots probed sis that PHOR1 has a function as signaling intermediate
in the GA response pathway. In agreement with thiswith a tobacco GA 2-oxidase cDNA fragment (kindly
provided by Dr. Isabel Lo´pez-Dı´az) showed greater lev- hypothesis, the antisense plants were affected in several
developmental responses regulated by GAs. Expressionels of the NtGA2ox mRNA in cells treated with GA3, and
reduced levels of this transcript in ancymidol-treated of the GA-regulated genes GAST1 and LVA-P1 was re-
duced in these transformants, which had reduced stemcells (Figure 7D), which demonstrates a functional GA
response in these cells. lengths, shorter internodes, darker green leaves, and
under SD tuberized earlier than the controls. Leaf peti-
oles were shorter and leaflets were broader than in wild-Discussion
type plants, similar to the phenotype of the antisense
lines inhibited in GA 20-oxidase gene expression (Car-The Antisense PHOR1 Lines Are Altered
rera et al., 2000).in Multiple GA Responses
We have isolated clone PHOR1 in a differential display
PHOR1 Function in Photoperiodic Controlscreen of leaves from S. demissum plants that were
of Tuberizationinduced (SD) and noninduced (SDNB) to tuberize. Anti-
Time course studies showed that PHOR1 expression issense lines with reduced levels of the PHOR1 transcript
under diurnal rhythm regulation with different peaks ofexhibited several phenotypic characters that are remi-
transcript detected in plants grown under inductive (SD)niscent of those reported for plants with reduced levels
and noninductive (SDNB) conditions. Higher levels ofof expression of the GA 20-oxidase gene (Carrera et al.,
PHOR1 mRNA and protein were detected in plants2000). To address the possibility that PHOR1 encodes
grown under tuber-inducing SD conditions. Therefore,a GA signaling component, we attempted to rescue the
it is possible that this regulated expression of PHOR1phenotype of these plants by exogenous GA application.
plays a role in the control of tuber induction under SDGAs were able to induce an elongation of the stem in
conditions. In fact, there is evidence indicating that tuberthe PHOR1 lines, but did not fully recovered their pheno-
induction is, at least in part, mediated through changestype. These plants showed a reduced response to GAs,
in GA levels and/or GA sensitivity. Our work provideswith GA3 concentrations of 105 M or greater required
evidence that downregulated expression of PHOR1 re-to elicit internode growth. PHOR1-overexpressing lines,
sults in a reduced response to GAs. Hence, changes inon the other hand, showed an increased response to
the levels of accumulation of the PHOR1 protein couldGAs and were partly resistant to paclobutrazol treat-
be involved in the mechanism that integrates both pho-ment. These observations rule out a role for PHOR1 in
toperiodic and GA signals.GA biosynthesis and suggest a function of the PHOR1
Inhibition of PHOR1 expression in the antisense linesprotein as a component of the GA signal transduction
results in early tuberization under SD. This observationpathway.
is difficult to reconcile with the fact that increased levelsGA-insensitive mutants such as the Arabidopsis gai
of the PHOR1 protein were detected in the leaves ofor the maize D8 mutants accumulate bioactive GAs to
tuberizing plants. Induction of tuber formation, there-higher levels than wild-type plants (Talon et al., 1990;
fore, appears to be controlled by a more complex mech-Fujioka et al., 1988) and show an altered feedback regu-
anism than a simple upregulated expression of thelation of the GA biosynthetic genes (Peng et al., 1997;
PHOR1 protein or a change in GA levels and/or sensitiv-Thomas et al., 1999). Consistent with a function of
ity. In line with this observation, antisense plants withPHOR1 as a component of GA signaling, higher levels
reduced levels of PHYB formed tubers under LD, butof GAs were found to accumulate in the PHOR1 anti-
were taller than wild-type plants (Jackson et al., 1996).sense lines compared to the wild-type controls. Interest-
Therefore, GA transport from the leaves to the stolonsingly, whereas a 4- to 6- fold increase in GA20 was de-
may have an important role in the inductive process.tected in the two independent lines analyzed, the levels
of GA1 were only slightly increased in these plants. This
result suggests that the gene encoding GA 3-hydroxy- PHOR1 Encodes a Protein with Homology
to Drosophila armadillolase in potato is not under strong negative feedback
regulation, and so activity of this enzyme is not in- Amino acid sequence analysis revealed that PHOR1
contains a domain with 7 arm repeats with structuralcreased in the antisense lines. Increases in GA content
in the PHOR1 lines are smaller than those reported for homology to the Drosophila segment polarity protein
armadillo, and its human homolog -catenin. These pro-the GA-insensitive gai or D8 mutants (a 30-fold increase
in GA1 levels was reported for the D8 mutant). This is teins are essential components of the Wnt signaling
pathway that is involved in a large variety of develop-consistent with the fact that the PHOR1 lines correspond
to downregulated mutants, and that low levels of the mental processes, including segment polarization in
Drosophila, axis specification in Xenopus, and differenti-PHOR1 protein are still detected in these plants, these
lines having a less severe phenotype than a null mu- ation of the colorectal epithelium in humans (for reviews
see Miller and Moon, 1996; Willert and Nusse, 1998;tation.
Using RNA gel blot analysis, we have detected in- Dale, 1998). Upon activation of the Wnt signaling cas-
cade, -catenin is localized in the nucleus where it formscreased steady-state levels of the GA 20-oxidase mRNA
and reduced levels of the GA 2-oxidase transcript in the a complex with members of the Tcf/LEF-1 family of tran-
scription factors and induces expression of downstreamPHOR1 antisense lines. This result demonstrates that
these lines are altered in feedback regulation of the genes.
In many ways, GA-dependent nuclear import ofbiosynthetic genes, and is consistent with the hypothe-
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88.42 encompassed nucleotides 548 to 1423 of PHOR1 and wasPHOR1 resembles regulated nuclear localization of the
used for preparation of the antisense construct. The 88.42 insert inarmadillo/-catenin proteins. Protein sorting studies
pBluescript was excised by EcoRV/BamHI restriction, and clonedwith deletion mutants of the PHOR1 protein fused to
in antisense orientation into the SmaI/BamHI sites of the pBinAR
GFP or to the GFP-GUS fusion demonstrated that it is vector (Ho¨fgen and Willmitzer, 1990). Transformation of S. tubero-
the armadillo repeat that mediates nuclear sorting of sum ssp. andigena plants was performed as previously described
(Carrera et al., 2000).the protein, whereas the N-terminal CPI domain is in-
volved in cytoplasmic retention of the protein. -catenin
has no nuclear localization sequence (NLS), with nuclear Quantitative RT-PCR
import occurring by direct docking of the protein at the Quantitative RT-PCR was performed using the reverse transcriptase
nuclear envelope in a process specifically competed by and Taq polymerase activities of the rTth DNA polymerase enzyme
(Perkin Elmer) according to the manufacturer’s protocol. Two spe--importin (Fagotto et al., 1998). Interestingly, -impor-
cific primers were synthesized: P1 (5-CATCGGGAAAATCC-3,tins and -importins both contain armadillo repeat se-
corresponding to positions 840–854 of the PHOR1 insert) and P2quences and mediate transport of NLS-containing pro-
(5-GGTATTTATTATATTTTCAG-3, positions 1260–1280). An inter-
teins into the nucleus (for reviews, see Nigg, 1997; Smith nal standard for amplification was prepared by digestion of PHOR1
and Raikhel, 1999). It is possible that the arm repeat with SacI and SacII (positions 998 and 1137, respectively), fill-in,
domain of all these proteins is involved in docking at and religation. A 108 dilution of a 0.5 g/l stock solution of this
plasmid was included in the RT and PCR reactions as internal con-the nuclear envelope and in nuclear import through an
trol. 100 ng total RNA predigested with RNase-free DNase was usedNLS-independent mechanism.
for RT and amplification.The arm repeats in the central domain of -catenin
mediate interaction of this protein with acidic regions
GA3 Dose-Response Experimentsof APC, the Tcf/LEF-1 family of transcription factors, and
Plants at a 6-leaf stage were treated every second day by sprayingE-cadherin (Huber et al., 1997). Invariant basic residues
the whole plant to runoff with different concentrations (107 to 103within these repeats fold in a positively charged groove
M) of GA3. GA3 solutions were freshly prepared from a 1 M GA3 stockthat functions as a recognition site for these interacting
solution in ethanol, by dilution in water with 0.01% Triton X-100 as
proteins. Interestingly, these basic residues are also a surfactant. Sets of 5 plants were used for each GA3 concentration
conserved in the arm repeats of PHOR1. This suggests and, after two weeks, the length of the first four apical internodes
determined.that this domain forms a positively charged groove on
the PHOR1 surface that mediates association with other
acidic partner proteins. Identification of these protein Gibberellin Content Analysis
targets will improve our understanding of the molecular Plants were grown in the greenhouse until they reached a 5-leaf
mechanisms underlying PHOR1 action. stage. Samples containing the shoot apex and the three youngest
leaves were harvested and directly frozen in liquid nitrogen. GAs
were extracted, purified and quantified by GC-MS as describedExperimental Procedures
elsewhere (Carrera et al., 2000).
Plant Material and Growth Conditions
Solanum tuberosum ssp. andigena and Solanum demissum potato
PHOR1-GFP Constructsplants dependent on photoperiod for tuberization were obtained
The PHOR1 coding region was fused to the C-terminal end of thefrom the Institut fu¨r Pflanzenbau und Pflanzenzu¨chtung (Braun-
green fluorescent protein (GFP) in the vector pUC-GFP S65C/T (Rei-schweig, Germany). Tuber induction studies were performed with
chel et al., 1996). A fragment corresponding to the PHOR1 codingplants grown in the greenhouse until a 14-leaf stage and subse-
region was amplified by PCR using synthetic anchored primers thatquently transferred to growth chambers under SD-inducing condi-
contained a NcoI compatible, BsphI site at their 5 ends.tions (8 hr light/16 hr dark) or SDNB noninducing conditions (8 hr
PHOR1 deletion constructs were generated by inverse PCR reac-light/16 hr dark, with a supplementary 30 min light interval given in
tions on the PHOR1-GFP plasmid, using synthetic primers with athe middle of the night period). Light intensity in the growth cham-
NotI site at their 5 end. Primers VA20 (PHOR1 positions 41–56,bers was 200 Em2s1 (high-pressure sodium SON-T AGRO 400
5-ATAAGAATGCGGCCGCAAAGGCTGGGAACG-3) and VA21 (posi-lamps, Philips).
tions 257–270, 5-ATAAGAATGCGGCCGCCCGTCGAGCTCACC-3)
were used for PCR amplification of the Arm-GFP fusion, while the
Differential RNA Display (DDRT-PCR) and RNA primers VA22 (positions 509–524, 5-ATAAGAATGCGGCCGCCC
and DNA Gel Blot Analysis GATACAACCAAATC-3) and VA23 (positions 1178–1192; 5-ATAA
DDRT-PCR was performed as described elsewhere (Monte et al., GAATGCGGCCGCCGCGTGGTGAATAAT-3) were used to obtain
1999). For RNA blots, 30 g total RNA was separated in 1.2% aga- the CPI-GFP construct. The CPI-GFPGUS fusion was obtained by
rose-formaldehyde gels and transferred onto a nylon membrane. cloning the NdeI/NheI GFP-GUS fragment from the pCAMBIA1304
Poly ARNA was isolated using oligo-dT12-18 magnetic beads (Dynal). vector (CAMBIA) into the CPI-GFP plasmid.
10 g of EcoRI or HindIII digested genomic DNA was separated in
a 0.8% agarose gel and blotted onto nylon membranes for Southern
analysis. Hybridization was carried out according to Amasino (1986). Transient Expression Assays
Filters were hybridized at 42C and washed in 1xSSC, 0.5% SDS GFP fusion proteins were transiently expressed by bombardment
at 65C. into Nicotiana tabacum BY2 cells as described in Kost et al. (1998).
Fragment C88 obtained from DDRT-PCR analysis was labeled by DNA absorption to gold particles and bombardment using a helium-
PCR. Probes corresponding to PHOR1, StGA20ox1 (Carrera et al., driven particle accelerator (PDS-1000/He; BIO-RAD) was performed
2000), StGA2ox (J. Bou et al., unpublished data), GAST1 (Shi and according to the manufacturer’s recommendations. Two micro-
Olszewski, 1998), LVA-P1 (Cooley et al., 1999), and tobacco GA 2-oxi- grams of plasmid was used for transformation, and all target materi-
dase were labeled using a Random primed DNA kit (Boehringer). als were bombarded twice. After bombardment, filters containing
the bombarded cells were transferred to NT medium and kept at
28C in the dark for 2–18 hr before analysis. For GA3 and ancymidolAntisense Construct and Plant Transformation
Screening of a S. demissum cDNA library with the C88 DDRT-PCR treatments, 50 M GA3 or 5 mg/l ancymidol was included in the
incubation media. GA3 and ancymidol solutions were prepared fromprobe yielded two independent clones, a partial cDNA clone (88.42)
and a full-length cDNA insert, that we designated as PHOR1. Clone 100 mM and 5 mg/ml stock solutions in 100% ethanol.
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Transformation of BY2 Cells Gu, T., Mazzurco, M., Sulaman, W., Matias, D.D., and Goring, D.R.
(1998). Binding of an arm repeat protein to the kinase domain ofTo obtain stably transformed BY2 cells expressing the PHOR1-GFP
fusion protein, the 2x35S-PHOR1-GFP expression cassette was ex- the S-locus receptor kinase. Proc. Natl. Acad. Sci. USA 95, 382–387.
cised from the pUC-PHOR1-GFP plasmid by HindIII digestion and Gu, X., and Verma, D.P.S. (1997). Dynamics of phragmoplastin in
inserted into the pBin19 binary vector. The resulting plasmid was living cells during cell plate formation and uncoupling of cell elonga-
transformed into Agrobacterium tumefaciens LBA4404 and used tion from the plane of cell division. Plant Cell 9, 157–169.
for BY2 cell transformation according to Gu and Verma (1997). For
Hedden, P., and Phillips, A.L. (2000). Manipulation of hormone bio-
time course studies, 3-day-old BY2 transformed suspension-culture
synthetic genes in transgenic plants. Curr. Opin. Biotechnol. 11,
cells were treated for 2 hr, 4 hr, and 24 hr with 50 M GA3 or 5 130–137.
mg/l ancymidol. Expression of a fusion protein with the correct
Hedden, P., and Proebsting, W.M. (1999). Genetic analysis of gibber-molecular weight was confirmed by SDS-PAGE and immunoblotting
ellin biosynthesis. Plant Physiol. 119, 365–370.with an anti-GFP antibody (Molecular Probes).
Ho¨fgen, R., and Willmitzer, L. (1990). Biochemical and genetic analy-
sis of different patatin isoforms expressed in various organs of po-Fluorescence Microscopy
tato. Plant Sci. 66, 221–230.Cells were examined using a Zeiss Axiophot microscope equipped
with epifluorescence optics. GFP-specific fluorescence was de- Hooley, R. (1994). Gibberellins: perception, transduction and re-
tected using Zeiss filters 450–490 nm, FT510 and LP520. Confocal sponses. Plant Mol. Biol. 26, 1529–1555.
images were obtained on an Olympus Fluoview FV300 confocal Huber, A., Nelson, J., and Weiss, W. (1997). Three-dimensional struc-
laser scanning microscope. ture of the armadillo repeat region of -catenin. Cell 90, 871–882.
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